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CHAPTER I

INTRODUCTION

Foresters today are faced with problems ranging from public
relations to timber management.

One of the reasons for this range of

problems is the lack of good, sound information on which to base
management decisions.

Foremost is the problem of assessing forest

productivity as a basis for maximizing the total utilization of forest
resources.

How do we evaluate factors such as site, soil, vegetation,

seed production, economics, and others in order to get the most from
our forest lands?
With the advent of modern computers, a new era has started in
forest management.

In recent years, foresters in many organizations

have been developing a new method for making management decisions.
This new method is called modeling.

With the use of modeling, a

forester can predict the outcome of his management decisions before any
work has been done in the field.

Models have been developed which will

grow a forest on paper in a matter of minutes.

If the necessary data

is collected and the appropriate models are developed, foresters will
be able to maximize production in the fastest, most economical way.
The U. S. Plywood Division of the Champion International
Corporation is in a good position to develop and use a forest management
model.

The Company owns approximately 670,000 acres of forest land in

western Montana, ranging from Marion in the north to Drummond in the
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south and from Lolo Pass in the west to Lincoln in the east.

Within

the range of the Ck>mpany lands we find a great variation in the envi
ronmental conditions and the productive capabilities due to these
conditions.

The factors that change are climate, soils, topography,

and vegetation.

Due to this great variation in conditions, the

management decisions will also vary.

For a forest management model to

be of value to the Company, data should be collected from each of its
three districts.

If this were accomplished and models were developed,

the Company would be in a much better position to make the right deci
sions in its forest management.
One problem of Company concern at this time is the predicted
regeneration of its forest lands in the fastest and most economical
way.

There are two methods available to cope with this problem.

One

is through artificial regeneration by planting or seeding and the other
is by natural regeneration.

The former is costly and unpredictable,

and the latter is unpredictable and potentially expensive in lost time.
What is needed is a method to predict and obtain adequate regeneration
at the least expense.

A possible method is that of natural regeneration

along with site preparation.

In order to make this method work, there

are questions that need to be answered.

How much viable seed Is

available from natural sources in a given year and how can it be
predicted?

With a given cone crop, how much site preparation is needed

to obtain adequate regeneration?

How many trees per acre can be

expected from a given cone crop with a certain amount of site prepar
ation?
In order to answer these questions and be able to use the
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answers with a high degree of reliability, a great deal of actual field
data must be collected.

The outcome of this applied research would be

a forest regeneration model that would allow the forest manager to
determine how much site preparation is necessary to obtain the desired
amount of stocking at some time in the future from the available amount
of natural seed in a given year.

This would then be one portion of an

overall forest management model.
My objective Is to develop a forest regeneration model for
ponderosa pine (Plnus ponderosa. Laws).

I propose that the U. S.

Pl}rwood Division of the Champion International Corporation and the
School of Forestry of the University of Montana establish a cooperative
agreement to develop a prediction model for the natural regeneration
of ponderosa pine that can be applied to the forest lands of U. S.
Plywood in western Montana.

What this would mean for U. S. Plywood is

the development of a more economical means of regenerating ponderosa
pine and the ability to predict the restocking of its forest land.
If this proposal is accepted, it will be necessary to establish
two studies, one being a study of seedling establishment as determined
by seed amounts and scarification and the ether a study of seed pro
duction determined by cone crop estimations and germination tests.

The

two studies will be used to develop the forest regeneration model and
must be carried out concurrently.

CHAPTER II

NATURAL REGENERATION OF PONDEROSA FINE

General Characteristics

Ponderosa pine Is the most widely distributed pine in North
America, extending from Canoe Creek on the Fraser River in British
Columbia in the North, to Durango, Mexico, in the South, and from
Holt County, Nebraska, to the Pacific Coast.

Ponderosa pine can be

found as an Integral component of five forest cover types in the West.
The interior ponderosa pine type comprises the greater part of the area
over which the species occurs.

Ponderosa pine is frequently found in

pure stands and elevationally is the first forest type of consequence
above the grasslands and deserts.

It is found mingled with Douglas-fir

(Pseudotsuga menziesli. Franco), grand fir (Abies grandis. Lindl.),
white fir (Abies concolor, Lindl.), western larch (Larlx occldentalls.
Nutt.), quaking aspen (Populus tremuloldes. Michx.), and lodgepole pine
(Pinus contorts, Dougl.) toward its upper limit where molster sites
prevail (6).
Ponderosa pine is found generally in a subhumld humidity prov
ince and a microthermal temperature province characterized by summer
drought (30).

Within the ponderosa pine region, average annual temp

eratures are between 41.8 and 49.8 degrees F.; and average July-August
temperatures are between 62.0 and 69.6 degrees F.

The average annual

precipitation for the ponderosa pine region varies from 10 to 21 inches.
4

During an average growing season. May through August, from two to six
inches of rain is considered normal (30),
Ponderosa pine grows on soils of igneous, metamorphic, and
sedimentary origin.

The species probably reaches its best development

on well-drained, deep sandy, gravel, and clay loams.

Studies have

shown strong relationships between site index and soil depth (3).
Ponderosa pine stands, 51, 75, and 78 years old, growing in coarse-,
medium-, and fine-textured soils in Montana, had their greatest root
development in the medium-textured soils and the least in fine-textured
soils (31).
Ponderosa pine forests include a number of habitat types as
classified and described by Pfister (21) for western Montana.
Pinus ponderosa/Agropyron spicatum
Pinus ponderosa/Festuca idahoensis
Festuca idahoensis phase
Festuca scabrella phase
Pinus ponderosa/Purshia tridentata
a. Agropyron spicatum phase
Festuca idahoensis phase
c. Arctostaphylos uva-ursi phase
Pinus ponderosa/Symphoricarpos albus
Pinus ponderosa/Calamagrostis rubescens
Pseudotsuga menziesii/Agropyron spicatum
Pseudotsuga menziesii/Calamagrostis rubescens
a. Agropyron spicatum phase
Pseudotsuga menziesii/Arctostaphylos uva-ursi
Pseudotsuga menziestl/Symphoricarpos albus
a. Symphorlcarpos albus phase
Agropyron spicatum phase
Pseudotsuga menziesii/Physocarpos malvaceus
a. Arctostaphylos uva-ursi phase
Pseudotsuga menzlesii/Vaccinium caespltosum
Pseudotsuga menziesii/Xerophyllum tenax
a. Arctostaphylos uva-ursi phase
(Pfister 1972)
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Regeneration

G. A, Pearson (20) summarized 40 years of work in northern
Arizona with the following five factors necessary for the successful
regeneration of ponderosa pine:

(1) seed supply, (2) rainfall (soil

moisture), (3) seedbed, (4) cutting practice, and (5) protection.
Pearson's findings are substantiated by the work of Meagher (15).

Seed Supply
Although reproduction is dependent upon a great many conditions
other than seed supply, the presence of a sufficient amount of seed is
an obvious prerequisite (19).

Regardless of the work done to prepare

a site for regeneration, the lack of seed dooms preparation to failure.
The effective seed supply is that which is preserved until moisture and
temperature conditions are such that germination can take place.

One

of the most direct and obvious factors in reduction of seed supply is
the consumption of seed by rodents.

The destruction of seeds by rodents

is most serious in years of light seed production when almost the entire
crop can sometimes be destroyed.

In one study (28), 92 percent of the

sound ponderosa pine seed disseminated before May 3, 1949, was destroyed
by rodents and other agents.

A preliminary study of squirrel damage to

ponderosa pine seed crops on the Kootenai National Forest in western
Montana showed that squirrels cut from 60 to 89 percent of the cones in
poor and fair seed years (27).

Recently, Schmidt and Shearer have

published reports dealing with the seriousness of this problem (23, 25,
26).

In a study by Roe and Squillace (22), it was stated that seed

destruction by rodents, birds, and possibly other agents was offset in
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the heavy stands by the greater seed supply produced during an
excellent seed year.

This does not mean, however, that an exorbitant

number of seed trees must be left.

Rather, it points out the impor

tance of increasing the effectiveness of the seed trees and the seed
crop.
Considering the importance of quantity of seed in regeneration,
one must also look into seed source and seed dispersal.

Preliminary

findings from an experiment at the Challenge Experimental Forest
indicated that on favorable sites about three to six seed trees per
acre are sufficient to reseed cut-over areas where seedbeds have been
prepared (2).

In this study, regeneration was investigated in relation

to three levels of seed production potential:
100,000 seeds per acre.

25,000; 50,000; and

The corresponding basal areas for ponderosa

pine were 9.58, 24.44, and 30.54 square feet per acre respectively.
Stocking of milacre plots showed that the 100,000-seed cuttings had
4,820 seedlings per acre with 86.4 percent of the plots stocked.

There

was no significant difference in the 50,000-seed cuttings, but the
25,000-seed cuttings had less than half as many seedlings with only
63 percent of the plots stocked.

The quantity of seed trees greatly

influenced the stocking of first-year seedlings in the study by Roe
and Squillace (22).

The stocking of seedlings increased with the

larger amounts of seed trees.

On mineral soil, 17 square feet of basal

area of seed trees produced about 830 seedlings per acre; whereas,
87 square feet produced 6000 seedlings.

Stocking on the average was

good in stands exceeding about 40 square feet of basal area per acre.
However, stands below this density, which included most areas of
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selectively cut pine, were not adequately stocked by first-year
seedlings.
Next in Importance to quantity of seed is seed dispersal (19).
The densest seeding takes place within a radius of about 20 feet from
the seed tree.

Cases have been noted where seeds from a single tree

have been dispersed about 150 feet and it is believed that wind was
the cause of this.

However, given the weight of the ponderosa pine

seed, the average dispersal distance is approximately equal to the
height of the seed tree.

In general, the heavier the stands—those

with smaller and less frequent openings—the better the distribution
of seed.
The time of seedfall can also be important in natural regener
ation.

In a study by Squillace and Adams (28), the fall of ponderosa

pine seed peaked in September and was almost complete by the end of
October.

Soundness of the pine seed varied with the time of dispersal,

with 78 percent of that which fell in September being sound as compared
to 30 percent of that which fell at other times.
A further consideration in seed supply is the periodicity of
ponderosa pine seed crops (25, 26).

Cone crop production varies greatly

from year to year, but it follows a very irregular pattern; and the
factors that determine the pattern and size of the crop are not com
pletely understood.

In the Southwest, there is a complete failure

about one year out of every four, a good crop about one year out of
every three or four, and usually a bumper crop about one year out of
six or seven (15).

However, one study was done on relating weather

conditions to the seed crops of ponderosa pine (14).

By means of
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relating cone crop yields with average monthly temperature data, the
following hypothesis was developed:

whenever the total average monthly

temperatures for April and May are considerably above normal, ponderosa
pine trees will flower in abundance the following spring, with excellent
cone crop potential in the fall of the following year.

Conversely,

whenever the temperatures are below normal, few flowers will appear
the following year.

This relationship was observed in 20 out of 23

years in the experiment.

Soil Moisture
All of the studies investigated for this review point to
moisture as the dominant physical factor in the reproduction of pon
derosa pine (20).

That climate, mainly rainfall, holds one of the

principal keys to the reproduction problem is indicated by the very
location of the pure pine stands that most frequently fail to restock.
The importance of soil moisture in the natural regeneration of ponderosa
pine is without a doubt the reason for site preparation whether it is
fully understood or not.

The only control the forester has over soil

moisture is his ability to manipulate the organic surface material and
the competing vegetation.

By removing the organic material and exposing

mineral soil, he can provide a moister environment for germinating
seeds; removing competing vegetation will increase the available mois
ture for young seedlings.

Further discussion of the importance of

soil moisture will be included in the next section.

Site Preparation
Successful regeneration of many forest tree species requires

planned treatment of the site, commonly called "site preparation" (12).
The disturbance of the forest floor from logging may be insufficient
in amount or distribution to result in the establishment of a good
seedbed for regeneration.
needed.

Planned site preparation is invariably

Forest site preparation is defined as "the treatment of soil

and ground cover or slash on it, by hand, machinery, applied chemicals,
or fire, or a combination of them, to prepare the soil surface for
favorable reception to either naturally disseminated or artificially
sown seed, or to planted seedlings" (6).

In natural regeneration, all

treatments of site have a common objective:

to bring about germination

of sufficient seed per acre and acceptable growth of enough of these
seeds per acre to form a new stand of desired species.

Site prepar

ation should expose mineral soil in desirable amounts with acceptable
distribution of that mineral soil and reduce or eliminate live compe
tition.

Mineral soil is the most suitable growing medium for tree

seedlings because of its moisture-holding capacity, and the ease with
which roots can penetrate it.

If site preparation can loosen the soil,

water percolation rate may be increased and the opportunity for initial
seedling root penetration enhanced.

It should be noted that making

mineral soil available and eliminating vegetative competition does not
guarantee natural regeneration.
All of the available information seems to point to the fact
that site preparation is very necessary for the natural regeneration
of ponderosa pine.

To help emphasize this point, I have included the

following quotes from various researchers:

11
The underlying fact is that western yellow pine seedlings
thrive best where the entire soil moisture supply is at their
disposal. Protection against wind and strong sunlight in
dry periods is beneficial, but in the end it is detrimental
if it is secured at the expense of the seedlings being
robbed of soil moisture by a rank growth of older and better
established plants, such as bunch grasses and other perenials (20).

Reproduction does take place when competition is weak
and, in particular, where the surface mineral soil has been
worked and disturbed to make a favorable seedbed. Successful
silviculture hinges upon the ability to control vegetation
that will compete with the ponderosa pine (1).

Since available soil moisture is the limiting factor in
growth in most ponderosa pine stands, the development
of a dense understory of trees, brush, and grass which has
occurred over wide areas results in severe competition for
the limited soil moisture of the typically arid pine sites.
Such competition could be the reason for reduction in vigor
and growth (32).

Creating ground conditions favorable to regeneration
immediately after the final harvest cutting is basic to
forest management wherever advanced growth is deficient.
Ponderosa pine seeds require bare mineral soil for satis
factory germination. Pine seedlings, whether from natural
seedfa11 or planting, survive and grow vigorously only when
free from competition with other vegetation (11).

Most forester will agree that in pure pine stands soil
moisture is more often limiting than light and that the
best seedbed is ordinarily one that will maintain a supply
of moisture in the surface soil during critical drought
periods. It is believed that most vegetation will compete
severely for soil moisture. There are conditions under which
light shade, such as that furnished by slash, may be bene
ficial by helping to conserve moisture (15).

The following are results, observations, and principles from
three experiments dealing with site preparation and competition;
Results of this study show that ponderosa pine should
be planted only on grass-free areas. Therefore, if grass
is present, it must be killed or removed before trees are
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planted. Furthermore, since water Is In short supply and
pine roots reach out several feet, complete site prepar
ation provides the best conditions for tree survival and
growth (13),

1. Mineral soil should be exposed so that the seed and
subsequently the seedling root can be in contact with a
medium of high moisture-holding capacity.
2. The amount of dead litter which may shade, smother,
or obstruct the emergence of the newly germinated
seedling should be reduced.
3. Since the seedbed deteriorates rapidly, it should
be prepared just prior to or during the seedfall from
heavy cone crops (24).

Thirty-six group clearcuts (0.25 to 3.0 acres) were
scarified just before the seedfall of a bumper cone crop
in 1958. Germination and seedling survival were observed
for three years on scarified and comparable unscarified sites
representing a variety of aspects and slopes. Scarification
Increased germination and seedling survival. Three years
after scarification, stocking on mllacre quadrants averaged
40 percent on the 36 scarified areas but only 3 percent on
the unscarified areas (9).

Mineral soil provided a significantly better surface
for germination of ponderosa pine than natural duff. On
the average, the mineral soil had roughly eight times as
many seedlings per acre as occurred on the duff under
otherwise similar conditions (22).

Cutting Practice
Foresters are forever talking about the tolerance of one
species or another.

The term, as used in forestry, describes the

tolerance a forest tree species has for shade and competition.

We

define ponderosa pine as an intolerant species meaning that it has a
low tolerance for shade and competition.

In discussing cutting methods

for ponderosa pine, we must try and find a method that gives the seed
ling the needed light and is adequate as a seed source.

These

requirements leave the forester with a problem that has not as yet
been answered to satisfaction.

The most likely solution would be a

cutting method that could be called a light seed tree cut or a heavy
selection cut.

However, experience in the Southwest has indicated that

the method of cutting, while important, exerts a much less direct
influence on regeneration than rainfall, seed supply, and seedbed
conditions.

Light cutting increased both the volume of seed and the

number of seeds germinating.

Heavy cutting, in contrast, favored

survival and growth by making more space available for the development
of a new generation.

In almost all cases the combination of a bumper

cone crop, abundant rain, and a generally exposed mineral soil seedbed
far outweighed the influence of the proportion of the stand cut or
retained (15).

Protection
The protection of ponderosa pine seeds and seedlings from
rodents, insects, disease, fire, and grazing by domestic and wild
animals is a problem for which few answers have been given (23).
In the literature, I have learned that rodents have been noted to
destroy as much as 99 percent of the seed in a given year.

Pearson

(19) has stated that he believes grazing by sheep has been the major
cause of the failure of natural regeneration in ponderosa pine in the
Southwest.

In talking with Hite from U. S. Plywood, I have learned

that elk and deer destroyed almost 90 percent of the planted ponderosa
pine seedlings in one plantation.

As for destruction of seeds and

seedlings by insects, disease, and fire, I could find no estimates.
How do we protect seeds and seedlings?

We can stop domestic stock

from grazing in regeneration areas, but can we stop wild animals such
as elk?

We can band seed trees to stop squirrels from cutting cones,

but should we poison the rodents and birds that eat seeds?

Can we

economically spray thousands of acres of regeneration to protect seeds
and seedlings from insects and disease?

Will the public or the eco

system itself let us protect regeneration in the most economical way?
These are questions that have yet to be answered and the answers won't
come easy.

Conclusions

Natural regeneration of ponderosa pine is a problem that has
plagued foresters since management of the forest type was started.

The

research that has been done on this species has developed the following
facts:

(1) there must be an adequate seed supply, (2) there must be

sufficient soil moisture, (3) site preparation must be carried out,
(4) mineral soil must be exposed, (5) competition must be eliminated,
(6) an efficient cutting method must be developed, and (7) protection
of seeds and seedlings must be improved.

None of these factors alone

can provide for adequate stocking by natural regeneration.

Only through

a combination of the important factors can the forester hope to natur
ally regenerate ponderosa pine.

CHAPTER III

METHODS

Seedling Establishment Study

This study will consist of collecting data on seedling esta
blishment and survival.

It will be carried on for five consecutive

years and will be used in the development of a ponderosa pine regen
eration model In conjunction with the seed production study to be
established concurrently with the above study.

Location
The selection of the actual study sites will be made by Company
and School of Forestry personnel.

I propose to study three of the

habitat types where ponderosa pine Is an Important component of the
overstory.

The following is a list of the western Montana habitat

types in which ponderosa pine is found as a major constituent:
Pinus ponderosa/Agropyron spicatum
Plnus ponderosa/Festuca idahoensis
Pinus ponderosa/Purshia tridentata
Plnus ponderosa/Symphoricarpos albus
Pinus ponderosa/Calamagrostis rubescens
Pseudotsuga menziesii/Agropyron spicatum
Pseudotsuga menziesii/Calamagrostis rubescens
Pseudotsuga menziesii/Arctostaphylos uva-ursi
Pseudotsuga menziesii/Symphoricarpos albus
Pseudotsuga menzlesii/Physocarpos malvaceus
Pseudotsuga menziesii/Xerophyllum tenax
(Pfister 1972)
In order to obtain results from a wide range of conditions, I feel that
the study areas should be located in dry, moderate, and wet habitat
15

types.

A second requirement for the study areas is that they be

representative of the Company lands.

Lastly, the study areas should

be located in ponderosa pine seed tree blocks.

To make the results

more statistically reliable, there should be at least two replications
of each condition.
When the study sites have been selected, the following infor
mation will be collected.

Soil types will be determined using the Soil

Conservation Service's soil survey recently completed on a portion of
Company land and by Soil Conservation Service personnel on the
remaining areas.

The aspect, elevation, and slope of each study area

should also be determined.

Experimental Design
The experimental design will be randomized blocks.

Each block

will be 4.00 acres in size, 417 feet x 417 feet, and will be divided
into four sub-blocks 1.00 acre in size, 417 feet x 104 feet (Figure 1).
Each sub-block will have 16 permanent plots 1/4 milacre in size,
1.86 feet in radius (Figure 2).

There will be 18 blocks, 72 sub-

blocks, and 1152 plots.
Each study block will receive a treatment of scarification and
an application of seed.

The degree of scarification will be random

over the entire block while each sub-block will receive a known amount
of seed.
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Figure 1
Layout of Study Block and Sub-blocks
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Figure 2
Layout of Permanent Plots
within Sub-block
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Establishment Procedures
The establishment of the study areas will be as follows:
Company and School personnel will determine the location of the study
areas.

Three ponderosa pine seed tree blocks in three different

habitat types with two replications for each condition will be selected
from each district for a total of six study areas per district with 18
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study areas in all.

When the study areas have been selected, a survey

will be made to establish square blocks four acres in size.

Uhen this

has been completed, a rubber-tired tractor equipped with a Roto-vator^
will randomly scarify the areas.

Close supervision will have to be

maintained during scarification in order to insure adequate coverage
of the areas.

The study blocks will then be divided into four sub-

blocks measuring 104 feet in width and 417 feet in length with the
length running perpendicular to the contour of the land.

The 16 per

manent plots will then be located in each sub-block (Figure 2).
To permanently identify the study areas, the following steps
will be taken:
1.

The lower right corner of each study block will be marked

with a post painted orange.
2.

The lower center of each sub-block will be marked with a

metal stake painted red.
3.

The plot centers will be marked with knitting needles.

4.

To facilitate sampling procedures, a white plastic stake

will be placed 1.86 feet due north of each plot center.
5.

Metal tags will be placed on each location marker with an

identification code (i.e.. Block 100, 200, etc.; Sub-block 101-104,
201-204, etc.; Plot 101-1 - 101-16, 102-1 - 102-16, etc.).

Initial Measuremients
After the layout work has been completed, the percentage of

^Roto-vator, Model M60, made by the Howard Roto-vator Company,
distributed by Midland Implement, Billings, Montana.

scarified ground and the depth of that scarification will be determined
for each permanent plot.

Scarified ground will be measured to the

nearest 10 percent with the use of a 1/4 milacre ring with 10 sample
points.

When placed on the plot, each sample point touching mineral

soil will indicate 10 percent scarified ground.

The depth of scarifi

cation will be measured to the nearest one-half inch using a thin
metal ruler.

The ruler should be gently pushed into each plot five

times and the average depth recorded.

Seeding
Seed from areas compatible with study sites will be applied to
each sub-block with a cyclone seeder.

The amounts used will be one,

two, three, and four pounds per acre.

The seed will be applied from

the top of the slope downward, and the different amounts will be applied
randomly to the sub-blocks.

Sampling Procedures
The following procedures will be used in sampling the plots
for five years following establishment of the study:
1.

Each plot will be measured during the spring and fall of

the first year following establishment and in the fall of subsequent
years.
2.

Each plot will be measured using a 1/4 milacre ring sub

divided into four quadrants.

One of the major axis lines must be

lined up with the white plastic stake due north of the plot center.
3.

Seedling position in each quadrant will be recorded using

a grid system (Figure 3).

Care must be used in recording the position
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Figure 3
Data Sheet for Mapping Seedling Location
within Permanent Plot

Study Block

Date

Sub-block

Checked by

Plot

North

of the individual seedlings in the grid system in order not to confuse
the seedlings from the sown seed with natural seedlings when measuring
the plots in subsequent years.
4.

Each year, the amount of scarified ground; i.e., bare

mineral soil, will be determined using the previously described method.
5.

Any condition that has caused or could cause unnatural

seedling loss will be noted.

Timing
The 1973 field season will be the best time in the foreseeable
future to establish the study.

The reason for this is because there

will be little or no natural seed from ponderosa pine to contend with
when sowing specific amounts of seed.
The timing necessary for the establishment of the study is
very critical.

In order to meet the natural timing of seedfall, the

field work necessary to establish the study areas must be completed no
later than September 15, 1973.

In order to accomplish this goal, the

following time table must be followed as closely as possible.
June 15, 1973--Study areas must be selected and preliminary
data collected,
July 15, 1973—Preliminary ground surveys must be completed.
August 15, 1973--Scarification of study areas must be completed.
September 15, 1973--Actual layout of study areas must be completed.
October 1, 1973—Seed must have been sown.
Each fall, after the first rains in September, for the next
five years, all permanent plots must be checked and the necessary data
collected.

By December of each year, the data collected that fall must
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be compiled and a progress report sent to the Company.

Analysis of Data
In this study, as in most scientific studies, the dependent
variable is related to more than one independent variable.

If this

relationship can be approximated, it may enable us to make more precise
predictions of the dependent variable than would be possible by a
simple linear regression.

One method used to determine the extent of

these relationships is that of multiple regression.
The dependent variable in this portion of the study is the
number of seedlings per acre at some time in the future.

The dependent

variable is influenced by many independent variables or conditions,
some having more Influence than others.

The independent variables or

conditions referred to in the literature that we will consider are:
(1) percentage of ground scarification; i.e., mineral soil, (2) depth
of scarification, (3) pounds of seed per acre, (4) habitat type,
(5) elevation, (6) aspect, (7) slope, and (8) soil type.
of these variables might also be used.

Some function

The independent variables of

habitat type and soil type are difficult to quantify.

For this reason,

we will use the concept of "dummy" variables (8) in the regression
analysis.

Appropriate numerical values will be assigned to these

variables as soon as the types to be used and the number of different
types used is determined.

Conditions that could Influence the dependent

variable but are beyond the scope of this study are:

(1) soil moisture.
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(2) soil temperature, and (3) rodent populations.^
If the regression on the dependent variable was a simple linear
regression, the generalized multiple regression formula could be
Y = bo + bj^Xj^ +

+ • • . +

+ e

However, the relationship between the dependent and independent
variables may not be a simple linear relationship.

In this case, it

may be necessary to include some functions of the independent variables.
For example, if
Xj^ = Percentage of ground scarification
X

2

= Depth of scarification

then
X might be = X X
3
12

Xj • x/
In this case, the regression model would then be quadratic and the
formula Y = b^ + b^Xj + b2X2 + bgXg + b^X^ + bjXg + e

where Y »

the

dependent variable and e represents the error contribution due to
unmeasured variables.

Note, however, that the multiple regression is

still linear in the parameter b = (b^, b^, . . ., b^).
Let me use this example to illustrate how the analysis of data
would be carried out.

In matrix notation (10,33) the quadratic

regression formula would be

In order to reduce the variability in seedling establishment
caused by consumption of seeds by rodents, it will be necessary to
apply two treatments of lethal bait consisting of oat groats treated
with sodium fluoro-acetate, also known as "1080." The first appli
cation should be in mid-summer and the second should be about a week
before seeding.
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Y = X B + E

where:

Y =

,

> X ~ (1^, Xj,

11

41

11

12

42

12

4n I

In

and for example: Xj^ =

> Si/
In

1

and B

In order to minimize ^ (y

- (b
o

+ b X + b X„ +
11
2 2

bjXj))

with respect to the b, one must solve the normal equation
I
'
(X X)B = X 1

1
1

11

21

"12

22

"31
X.

32

41

51

-^42

*52

X

X

where: X =

1

X,

In

x„

2n

X

3n

4n

^e^ is assumed to be N(0, (T^) and independent,
Xy 2} • • • f n*

5n I
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1

1
X

*11

MC
MC
X

*51

•

1

•

•

•

X

In
•

•

X

•

2n
•

•

X

•
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MC

*41

•

12

*21
*31

•

3n
•

•

•

*4n
0

*52

0

0

*5n

the (1, 1) element of

(2. 2) is

n
^
1 « 1

(2, 3) is

n
^
i » 1

X. X

li 2i

(4. 3) IS ^ I ^

(6, 6) is

n
2
^
X
i » 1 ^

Likewise, the (1, 1) element of X Y is

(2, 1) is

(3, 1) is

^
X
i - 1

y
^

n
^
xj^yj^
i « 1

A
B is then the solution of the equation and is determined by
^
I «1
•
B = (XX)
X Y
when (XX)

^0

.-1
and (X X)
is determined by some appropriate numerical

routine found in most modern computers.
To determine if the fitted regression is significant, an
analysis of variance test will be performed (Table 1).

Table 1
Analysis of Variance Table Used to Determine
Significance of Regression

Source

b
o

df

SS

-2
ny

1

B X Y - ny^

F-ratio

-2
ny
Ai f
o
B X Y - ny^

1
(Reg

MS

5

At 1
_2
B X Y - ny

5
5

Residual

Totals

A» •
11 - B X Y «

n
i » 1

2
^i

A. 2
- y)

^(yi - y)^
n - 6

n - 1

n - 6

n - 6
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The F-ratio value Is compared to the .05 critical point of
Fc
/- degrees of freedom.
J, n - o

If the conputed value exceeds the

critical point, we have a significant regression; i.e., one or more of
the b^'s are not zero.
We may then want to test the significance of an individual
variable, say X^, on the fitted regression.
b^ = 0.

The hypothesis is that

To determine the significance of X^, we set up a new model

leaving out the X^ variable.

We fit this hypothesized model by the

standard least squares procedure and again compute the residual sum of
squares.

The analysis of variance can now be outlined as follows:

Let SSRj^ = Res SS model including

term

SSR = Res SS model not including b.X, term.
2
4 4
Table 2
Analysis of Variance Table Used to Determine
Significance of Individual Variable

Source

Res

0

^1>
• •
1

Res (b , b
0

SS

bj)

. .

df

n - 6

SSR
1

SSR2

1

MS

SSRj^
n - 6

n - 7

SSR2
n - 7

Difference for testing hypothesis
SSR2 - SSRj^
F-ratio =

^

n - 6

This value is compared to the .05 critical point of
of freedom.

n - 7

If the computed value exceeds the critical point at the

selected probability level, the hypothesis is rejected.
words, the

In other

variable is significant in reducing the residual sum of

squares.

Seed Production Study

This study will consist of collecting data on cone crops and
seed production.

The study will develop a method of predicting the

amount of viable seed that will be available from varying cone crops.
There will be four stages of data collection to be carried out
in this study.

The stages are;

half-crown cone counts; full««crown

cone counts; cone sampling; and seed germination tests.

All four

stages must be completed yearly for not less than 10 years.

At least

fifteen seed trees will be randomly selected for each year of the study
From these 15 trees, the data for all four stages will be collected
making sure the data for each tree is kept separate.

The location of

each tree and the habitat type in which it is found will also be
recorded.

Sampling Procedures
The following procedures will be used in the collection of data

Half-crown Cone Counts
1.

Locate a position at which the entire crown of a sample

tree can be seen.
2.

With binoculars, count all the cones that can be seen from
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that one position and record.
3.

Collect the following data from each sample tree:

(a) age,

(b) height, (c) crown length, (d) crown diameter, and (e) DBH.

Full-crown Cone Count
In this stage the trees from the proceeding stage will be cut
down and all cones from them will be collected and counted.

Cone Seunpling
This stage will consist of collecting 15 samples of 10 cones
each from the selected seed trees.

Individual cones within a sample

should be kept separate in order to determine variation.
1.

Cone samples will be collected.

2.

Cones will be air dried and seeds will be extracted.

3.

Seeds from each sample will be counted and an average

number of seeds per cone determined.

Seed Germination Tests^
This stage will consist of determination of viability.

Each

seed sample from the previous stage will be tested three different
times, twice immediately after processing and once after the seed has
been frozen for three to four months.
1.

From each seed sample, 100 seeds will be randomly selected.

2.

The seeds will be stratified by soaking them in warm water

for 38 hours at room temperature, 68° to 72° F.

^Germination test procedures are those used at the Forest Tree
Nursery of the Department of Natural Resources, Division of Forestry,
Missoula, Montana.

3.

The seeds will then be stratified in a moist environment

for 14 days under refrigeration, approximately 32° F.
4.

The seeds will then be placed in a lighted germination

chamber at a temperature of 25° C, for 10 days.
5.

At the end of the test, germination percentages will be

determined and an average viability of the samples will be calculated.

Timing
The time table for the collection of data necessary for the
seed production study will be as follows for the length of the study:
September 1--A11 half-crown and full-crown cone counts must
be completed. All cone samples must have been collected.
November 1—Cone samples must be air dried and seed extracted
and counted.
November 31—Two germination tests must have been completed.
During the month of May, the year following collection of
samples, the third germination test will be run.

Analysis of Data
The analysis of data for the seed production portion of the
study can be carried out in much the same way as the analysis for the
seedling establishment portion.
analysis to be carried out.

However, there will be some additional

This will be discussed later in this sec

tion.
The dependent variable will be the amount of viable seed
available in a given cone crop.

The independent variables used to

approximate the dependent variable will be:

(1) tree age, (2) DBH,

(3) tree height, (4) crown length, (5) crown width, (6) habitat type.
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(7) half-crown cone count, (8) average number of seeds per cone, and
(9) percent germination.

Again it may be necessary to use some func

tional combination of these variables.

The concept of "dummy"

variables will again be used to identify the habitat types.
By using the standard least squares procedure we will again be
able to fit a regression equation.

Through analysis of variance, we

can test the significance of the fitted regression; and by the extra
sum of squares principle, we can test the significance of any variables
within the model.
To further analyze the data, it may prove useful to determine
the amount of variation between the individual samples and between
individual tests of a single sample.

If we are to place confidence in

our calculated mean, we must have some idea of the variation about that
mean.

Further analysis can also lead to an understanding of various

relationships; e.g., the average number of seeds per cone verses germi
nation rates.
The following analysis will be carried out in order to determine
variation and additional relationships.
1.

Variation between germination tests of an individual sample.

This variation should be due to lack of absolute control In the tests

themselves.

sample.

Let

X "^

3
fxA
" the germination tests of an individual
j a 1
= the numerical mean.

Then an estimate of the

J—
variance of X is V(X) - 1/2

3
_ 2
^ (X - X)
j - 1
J

2.

One-way analysis of variance test between the germination

rates of the individual trees.
variation;

There are two possible sources of

(1) actual differences in the germination rates of indi

vidual trees, and (2) experimental error.

The measure of the total

variation of a set of data we shall use is the total sum of squares

where

n

k

1 - 1

J = I

is the i^^ observation in the

2

sample (j « 1, 2, . . of k)

and (i = 1, 2, . . •, n) and X is the grand mean.
Denoting by

the mean of the

sample, we can write the

formula which forms the basis of a one-way analysis of variance

SS

= n
^

^
^
j = l

(X

- 2
- x) +

J

^
^

i = l J = l

and SS

where

^
^

T

2
(X

^

- K )

J

J

= SS
+ SS
Tr
E

« treatment sum of squares
SSg = error sum of squares

Finally we want to determine whether or not there is a differ
ence between the germination rates of individual trees.
compare SS

ir

and SS

2

To do this, we

by means of an appropriate F statistic.

exhibit the necessary work as follows:

We
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Table 3
Analysis of Variance Table for One-Way
Analysis of Variance Test

df

SS

CO
CO

Source

k - 1

CO
CO

H

Treatment

k(n - 1)

W

Error

Totals

SS
T

MS

F-ratio

SS
Tr

ss„
Tr

k - 1

k - 1

E
k(n - 1)

E
k(n - 1)

nk - 1

We then compare the computed value of F with the appropriate critical
point; i.e., F

qj .

^

k(n - 1)'

calculated value is less

than the critical point, there is no significant difference in germi
nation rates.
3.

Variation between number of seeds per cone for a single

tree will be determined in the same way as variation between germi
nation tests for an individual sample.

A one-way analysis of variance

test will be made in order to determine variation in average number of
seeds per cone between trees.
4.

Linear regression will be used to determine if there is any

significant relationship between average number of seeds per cone and
the germination rate for those seeds.

The dependent variable would be

germination rate and the independent variable would be the average
number of seeds per cone.
This additional analysis must be carried out in order to

determine the natural variation within a given population.

It could

help us answer the following questions:
1,

What is the variation in number of seeds per cone from an

individual tree?
2,

What is the variation in average number of seeds per cone

among several trees?
3,

Is the variation in germination tests of seeds from a

single tree due to chance or to some factor introduced by the experi
menter?
4,

What is the variation in seed germination rates for several

5,

What are the possible sources of variation in seed germi

trees?

nation rates for different trees?
&•

Can average numbers of seeds per cone and average germi

nation rates be used in predicting the dependent variable of number of
viable seeds available in a given year?
What we hope to accomplish with this additional analysis is to
gain an idea of the source of variation within our regression model and
to determine how much confidence we can place in it.

The analysis of

various relationships between variables may point out short cuts that
may benefit us in any further analysis.

CHAPTER IV

SUMMARY

With the advent of Increased public concern over land management
practices, it has become evident that new techniques are needed in the
decision making processes.

Land managers must be able to Justify their

decisions and also be able to predict the actual results of their
decisions.

In recent years, forestry research organizations and many

individual foresters have been working on a method to predict the out
come of management decisions.

This technique is called modeling.

It was realized that in order to establish a forest management
model, a great deal of intensive field research would have to be carried
out.

In order to get a handle on the problem, it would have to be

broken down into more manageable parts.

A regeneration model would be

one section of this overall forest management model.
In discussions between the sllvlculturlsts of the old Anaconda
Forest Products Division of the Anaconda Company and personnel of the
School of Forestry of the University of Montana, it was decided that
one of the problems in silviculture was the predicted regeneration of
forest lands in the fastest and most economical way.

The outcome of

these discussions was a tentative agreement to establish a research
project to answer the following question:

How many trees per acre can

be expected at some time in the future from a given cone crop with a
certain amount of site preparation?

It was decided that ponderosa pine

would be the species studied and that the study would be broken down
36
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into two segments, seed production and seedling establishment.
This paper, then. Is the study plan for the proposed research
project.

It must be understood that while this plan deals with the

natural regeneration of ponderosa pine. It could also be applied to
other Important species.
The literature review pointed out many factors that were
important in the natural regeneration of ponderosa pine.

Some of the

factors were decided to be beyond the scope of this study.

Through my

investigations I have decided that the following factors could be
studied.

They are, in order of importance:

(a) amount of seed,

(b) percentage of ground scarification, (c) depth of ground scarifi
cation, (d) aspect, (e) elevation, (f) soil type, (g) slope, and
(h) habitat type.

The hope is that through the manipulation of these

factors we will be able to predict seedling establishment.
This plan calls for a great deal of field work and data
collection.

It will require a great amount of time and money to esta

blish and carry out.

After the study has been completed, a careful

analysis of the data must be made.

It must be remembered that in order

to carry out a complete and useful analysis, care must be taken in
collection and recording of data.

The lack of any necessary data could

severely limit the analysis and the confidence that could be placed in
the regeneration model.
As stated, this is just a study plan.
deal in the writing of it.

I have learned a great

However, if my work Is to be of value to

the profession, the study must be established and carried out.

It must

be remembered that this project would be just a part of the work
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necessary to develop an overall forest management model.
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